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Fig． 1 Nanopores and nanochannels preparation methods［10］． (A)Nanopores and nanochannels prepared by
biological methods: the artificial nanopores and nanochannels building in lipid bilayers． (B)Nanopores and
nanochannels prepared by physical methods:TEM electronic beam on a Si substrate，ion beam sculpting on Si3N4
membrane and heating laser on thermoplastic materials． (C)Nanopores and nanochannels prepared by chemical
methods:chemical etching，chemical vapor deposition，heavy ion irradiation combined with chemical etching，anodic







































Fig． 2 Asymmetric nanopores and nanochannels with their potential distribution(A)and the ion rectification of
asymmetric nanopores and nanochannels(B)［52］























Fig． 4 Schematic diagram of the electrokinetic energy conversion


































































效率。在等效电路中连接负载电阻时，负载电阻的比率 α =(S2str /qch)gch最大时，能量转换效率最高。因
而电导 gch越小，能量转换效率越高。由于电导是抗衡离子的扩散系数和粘度的乘积，与扩散系数成比
例。因此，系统中抗衡离子的扩散系数越小，能量转换效率越高。
泊松-玻尔兹曼描述的双电层 当双电层重叠时，能量转换效率依赖于通道高度与 Gouy-Chapman 长
度的比值，通过优化该比值大小能提高动电效应能量转换效率。
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3 纳米孔道动电效应的研究历史









Fig． 5 The research history of the nanopores and nanochannels based electrokinetical energy conversion systems
Yang等［57］于 2003 年首次提出了基于动电流和动电势的纳米流体电池的概念，他们利用多孔玻璃
过滤膜获得了 1 ～ 2 μA 的电流，能量转换效率为 0. 01%。2004 年，Daiguji 等［5］在理论上探究了高
30 nm、长 5 μm带电纳米通道内的离子运输，认为能量转换效率是离子浓度的函数。当电荷密度为















于孔径为 200 nm的氧化铝膜(膜直径为 2. 1 cm以及膜厚为 60 μm)中，最大能量转换效率为 0. 77%，而
对于孔径为 20 nm的氧化铝膜，可获得最大输出功率为 18 μW。2007 年，Van der Heyden等［64］使用相同
的系统对纳米流体发电效率进行了研究。该工作主要探究了通道高度和盐浓度两个参数对能量转换效
率的影响，认为较低的盐浓度条件下可获得较高输出功率(高度为 490 nm 的单通道，功率可达到
240 pW)以及较高的能量转换效率(高度为 75 nm的通道，能量转换效率可达到 3. 2%)。
2008 年，Xie等［13］通过测量动电流和电导探究了单径迹-刻蚀纳米孔中的发电效率。实验结果表
明，能量转换效率和输出功率均依赖于电解质浓度和孔尺寸。纳米孔道的半径为 31 nm时，能量转换效









毛细管带正电时，对于 1-1 型电解液(KCl)、2-1 型电解液(CaCl2)、3-1 型电解液(LaCl3) ，动电能转换性
能(最大效率、上升压力和流动电位)大致相同。而对于带负电荷的毛细管，随着反离子价态的升高，能
量转换性能显着降低。2011 年，Xie等［73］提出了一种两相流动能量转换体系，通过注入气泡，动电流和
电阻均增加。与单相流相比，注入气泡后系统的最大输出功率提高了 74 倍，能量转换效率提高了 163
倍。2012 年，Gillespie ［74］发现在纳米流体通道的液-固界面处，粒径较大的离子可以显着提高能量转换
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碳纳米管，预测其能量转换效率可超过 70%。2008 年，Davidson和 Xuan［84］基于热-电-流体动力学模型，
对具有 5 nm滑移长度的纳米流体装置的能量转换效率进行了预测，理论能量转换效率可达 30%。2011
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Ｒecent Ｒesearch Progress on Nanopores and Nanochannels
Based Electrokinetical Energy Conversion Systems
YANG Xiana，MIN Linglia，ZHU Yinglina，CAO Liuxuanc，XIE Yanbod，HOU Xua，b*
(aCollaborative Innovation Center of Chemistry for Energy Materials，
State Key Laboratory of Physical Chemistry of Solid Surfaces，College of Chemistry
and Chemical Engineering，Xiamen University，Xiamen，Fujian 361005，China;
bＲesearch Institute for Biomimetics and Soft Matter，Fujian Provincial Key
Laboratory for Soft Functional Materials Ｒesearch，College of Physical
Science and Technology，Xiamen University，Xiamen，Fujian 361005，China;
cCollege of Energy，Xiamen University，Xiamen，Fujian 361005，China;
dSchool of Science，Northwestern Polytechnical University，Xi'an 710072，China)
Abstract The development of renewable clean energy is of great importance for human sustainable
development． Nanopores and nanochannels based electrokinetical energy conversion systems provide us new
choices for future clean energy resource development． Because these systems can transfer fluidic mechanical
energy to electrical energy，they could be applied in the fields such as marine energy，self-driving nano-
machines and micro-electrical mechanical systems． The interplay between solid pores and liquid interface is
crucial for the energy conversion process inside nanopores and nanochannels． Artificial design，chemical
modification and optimization for the interfacial structure of the energy conversion systems are key factors to
improve the energy conversion efficiency． With rapid development of nanotechnology and the further study of
the physical chemistry of surfaces，we can effectively and precisely prepare nanofluid power generation
systems． This review mainly introduced basic concepts and advance progress of nanopores and nanochannels
based electrokinetical energy conversion systems． We hope this review will be inspiring for scientists in the
area of developing and applying of electrokinetic energy conversion systems，nano-generators，self-actuated
nano-machines and wearable devices，etc．
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